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w I SUMMARY 
The framework of a new method is outlined f o r  t r e a t i n g  creep-fatigue 
behavior of metals. Cognizance i s  taken of t h e  f a c t  t h a t  i n e l a s t i c  deforma- 
t i o n  occurs a t  high temperature as a r e s u l t  of t w o d i s t i n c t l y d i f f e r e n t  s t r a i n -  
ing mechanisms-plastic flow and creep. Any completely reversed i n e l a s t i c  
s t r a i n  range can then be par t i t ioned i n t o  the  following components: 
(a) Tensile p l a s t i c  flow reversed by compressive p l a s t i c  flow 
(b)  Tensile p l a s t i c  flow reversed by compressive creep, or t e n s i l e  
creep reversed by compressive p l a s t i c  flow 
( e )  Tensile creep reversed by compressive creep 
These s t ra in-range components are then re la ted  independently t o  cyc l ic  l i f e  
by equations which a re  i n  essence general izat ions of t h e  Manson-Coffin equation. 
A l i n e a r  l i f e  f r a c t i o n  r u l e  i s  used t o  sum .the damage r e s u l t i n g  from each of 
these s t ra in-range components. Fa i lure  i s  assumed t o  occur when t h e  summation 
of damage f r a c t i o n s  equals uni ty .  
Experimental procedures a re  suggested f o r  obtaining t h e  re la t ionships  
between cyc l ic  l i f e  and each of t h e  par t i t ioned  s t r a i n  ranges. 
a r e  presented f o r  2Sr-lMo s t e e l  as well  as l i m i t e d  information f o r  316 s t a i n -  
l e s s  s t e e l .  The method i s  used for i n t e r p r e t i n g  e f f e c t s  of frequency of 
s t r a i n  cycl ing and s t r a i n  hold times i n  both tension and compression. It 
a l s o  provides ins ight  i n t o  the v a l i d i t y  of t h e  previously proposed 10 Percent 
Rule f o r  creep-fatigue analysis .  
T e s t  r e s u l t s  
i 
ABSTRACT 
The framework of a new method i s  outlined f o r  t r e a t i n g  creep-fatigue 
behavior of metals. I n e l a s t i c  s t ra in-ranges a r e  par t i t ioned  i n t o  t h e  components 
( a )  completely reversed p l a s t i c i t y ,  (b)  t e n s i l e  p l a s t i c i t y  reversed by com- 
pressive creep, o r  
completely reversed creep. Each of these  components i s  shown t o  be r e l a t ed  
t o  cyc l ic  l i f e  by a Manson-Coffin type power-law equation. 
f r ac t ion  r u l e  i s  used t o  combine the  damaging e f f e c t s  of t h e  ind iv idus l  com- 
ponents enabling t h e  predict ion of l i f e .  Test r e s u l t s  a re  presented f o r  a 
2Sr-lMo s t e e l  as  well as  l imited information f o r  a Type 316 s t a i n l e s s  s t e e l .  
t e n s i l e  creep reversed by compressive p l a s t i c i t y ,  and ( e )  
A l i n e a r  l i f e  
.. 
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CRFEP-FATIGUE ANALYSIS BY STRAIN-RANGE PARTITIONING 
By S. S. Manscn, G. R. Halford, and M. H. Hirschberg 
INTRODUCTION 
A number of approaches have i n  recent years been proposed t o  t r e a t  
high-temperature fa t igue .  Some ( r e f s .  1-9) are  extensions of' methods 
developed primarily f o r  treatment of fa t igue  i n  t h e  sub-creep range. In  
these approaches, s t r a i n  range i s  the primary c o r r e l a t i n g  var iable .  Others 
( r e f s .  10-18) give prime emphasis t o  the  creep-rupture mechanism involved iz  
high-temperature fa t igue .  Here the  t i m e  t h a t  the  mater ia l  i s  a t  a specif ied 
s t r e s s ,  r e l a t i v e  t o  the  creep-rupture time a t  t h a t  s t r e s s ,  becomes the  p r i x i p A  
cor re la t ing  var iable .  Each approach has i t s  s t rong fea tures  as well as i t s  
l imitat ions,  and t h e  search continues f o r  a framework of analysis  t h a t  include.; 
t h e  s t rong points  of e x i s t i n g  methods while overcoming some of the  recognize? 
l imi ta t ions .  
I n t e r e s t  i n  t h i s  subject  a t  our laboratory has been intense,  and I:? heve 
part ic ipated a c t i v e l y  i n  a continuously evolving method, each modificetion 
intended t o  overcome a recognized l i m i t a t i o n  of a previous formulation. Cur 
f i rs t  approach ( ref .  4), referred to as t h e  10 P - w e n t  E u l e ,  was based on 
s t r a i n - l i f e  r e l a t i o n s  observed a t  room temperature, but accounted f o r  the  "creep 
e f fec t"  by reducing t h e  l i f e  so computed by a f a c t o r  of 10. 
intended t o  recognize t h a t  i n  the  creep range both crack i n i t i a t i c n  and crack 
propagation were accelerated by i n t e r c r y s t a l l i n e  cracking. Remarkably good 
cor re la t ions  were obtained i n  most cases, but it was recognized t h a t  t h i s  methoc? 
had no inherent machanism f o r  including frequency e f f e c t s .  
outl ined i n  Reference 5 which r e l i e d  on the  10 Per;tei?t Rule concept, but a l s o  
allowed f o r  extreme e f f e c t s  of frequency by incorg3rating a creep-rupture c r i -  
t e r ion .  A t  t h i s  point,  t h e  attempt was s t i l l  t o  keep t h e  necessary computations 
as simple as possible.  Bet te r  cor re la t ions  were thereby obtained f o r  continuous 
cycling t e s t s ,  but the  method d i d  not have the  genera l i ty  required t o  handle 
complex wave forms of ten encountered i n  pract ice .  
This f a c t o r  w a s  
A second metho2 xis 
Spera, a t  our laboratory,  i n  t r e a t i n g  thermal s t r e s s  problems, ( r e f s .  15-lr0 
was concerned with complex temperature and s t r e s s  var ia t ions  during t h e  loading 
cycle.  He used a creep damage approach based on the  summation of t i m e  f rac t ions .  
This made necessary t h e  determination of the  complete s t r e s s  and temperature histol.:, 
along with t h e  appropriate creep-rupture information t o  permit a complete 
analysis .  Two important questions arose: (a) which creep-rupture curves shoulfi 
be used, and (b) how should compressive loading be handled? 
regarding both questions, and h i s  analyses have been qui te  successful  f o r  t h e  
several  problems t rea ted .  However, the  answers t o  t h e  above questions s t i l l  
require c l a r i f i c a t i o n  f o r  a la rge  number of problems encountered i n  service.  
Spera made assumpticx 
We subsequently evaluated ( r e f .  18) the  a p p l i c a b i l i t y  of various creep- 
rupture curves t o  analyzing high-temperature, s t ra in-cyc l ing  fa t igue  r e s u l t s .  
Included were t h e  conventional rupture curves f o r  smooth and notched samples 
and a newly proposed cyc l ic  creep-rupture curve. The l a t t e r  was derived from 
t e s t s  wherein the  creep s t r e s s e s  and strains were completely reversed. For the  
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two mater ia ls  studied, t h e  bes t  l i f e  predict ions were obtained when the  cyc l ic  
creep-rupture curve was used f o r  analysis .  
v a l i d i t y  of the  cyc l ic  creep-rupture curve i n  c o r r e l a t i n g  cyc l ic  l i f e  data f o r  
the simple loading cycles used. However, there  s t i l l  remained t h e  problem of 
handling compression i n  more complex cycles.  
Further study ( r e f .  19) confirmed t h e  
Coffin ( r e f .  7) modified t h e  equations developed a t  room temperature 
f o r  use a t  high temperature by introducing a frequency modification. Frequency 
i s  much more important a t  high temperature than a t  room temperature f o r  severa l  
reasons. The s t r e s s  developed i s  dependent on frequency, and t h e  time dwell 
a t  a given s t r e s s  is, of course, very s t rongly dependent on frequency; there-  
fore,  fa t igue  propert ies  derived from variable  frequency t e s t s  inherent ly  
r e f l e c t  the  s t r e s s  magnitude and time-dwell f a c t o r s .  I f  t h e  proper t e s t s  
a r e  conducted t o  character ize  t h e  material ,  good predict ions of continuous 
cycling behavior can be obtained i n  t h i s  manner. However, complex loading 
h i s t o r i e s  a r e  s t i l l  troublesome. For example, t h e  method would predic t  the  
same cyc l ic  l i f e  f o r  t e s t s  incorporating e i t h e r  compressive s t r a i n  hold periods 
or t e n s i l e  s t r a i n  hold periods. This is contrary t o  experimental evidence of 
Berling and Conway ( r e f  * 20). 
The above discussion i s  c i t e d  merely t o  ind ica te  t h a t  there  s t i l l  e x i s t s  
a need f o r  a framework of analysis  of high-temperature fa t igue  t o  overcome some 
of the  unresolved problems. This report  i s  intended t o  cons t i tu te  a s t e p  i n  
t h a t  d i rec t ion .  The basic  approach i s  considerably d i f f e r e n t  from those previously 
used, although the  i n t e n t  i s  t o  build on the  good fea tures  of those previously 
proposed methods. 
i n e l a s t i c  s t r a i n s  i n t o  four  possible independent i n e l a s t i c  components. Each 
type of i n e l a s t i c  s t r a i n  bears a d i f f e r e n t  r e l a t i o n  t o  l i f e ,  and once a given 
imposed s t r a i n  is  par t i t ioned i n t o  i t s  components, l i f e  is determined according 
t o  a l i n e a r  damage ru le .  The method i s  i n  an e a r l y  s tage of development, and 
many questions must be answered before i t s  merits can be evaluated. 
The new method i s  based on the  idea of separat ing cyc l ic  
I n e l a s t i c  s t r a i n  a t  high temperature i s  composed of two d i s t i n c t l y  d i f f e r e n t  
types of s t r a i n - p l a s t i c i t y  and creep. Time-independent p l a s t i c  s t r a i n  occurs 
by crystal lographic  s l i p  within the  grains;  whereas, time-dependent creep occurs 
by a combination of diffusion-controlled mechanisms ac t ing  within t h e  grains 
and by s l i d i n g  along t h e  boundaries between t h e  grains .  It i s  widely accepted 
t h a t  creep mechanisms reduce cyc l ic  l i f e  a t  elevated temperatures However, 
there  e x i s t s  i n  t h e  l i t e r a t u r e  a considerable amount of apparently conf l ic t ing  
evidence regarding the  quant i ta t ive  influence of creep on cycl ic  l i f e .  A 
carefu l  examination reveals  t h a t  the l i fe-reducing e f f e c t s  of creep depend, t o  
a la rge  extent,  upon where within a cycle the  creep i s  introduced, and whether 
it i s  reversed by p l a s t i c  flow or by creep. 
t inguish between t h e  various ways i n  which creep and p l a s t i c  flow can be com- 
bined within a cycle.  
Thus, it appears important t o  d i s -  
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I n e l a s t i c  S t r a i n  Components 
The method w i l l  be described i n  r e l a t i o n  t o  problems involving onby 
completely reversed i n e l a s t i c  s t r a i n s ;  t h a t  is, cases which do not involve 
s t r a i n  ra tche t ing  i n  e i t h e r  tension or compression. A s  w i l l  be shown, cny one 
cycle of a completely reversed i n e l a s t i c  s t r a i n  can be par t i t ioned i n t o  t h e  
following s t r a i n  range components: 
(a) nepp completely reversed p l a s t i c i t y  
( .  k E p c  t e n s i l e  p l a s t i c i t y  reversed by compressive creep 
\ O 1  I-AE,, t e n s i l e  creep reversed by compressive p l a s t i c i t y  
(4  af ' c  completely reversed creep 
o r  
I n  the  above notation, t h e  f irst  l e t t e r  of t h e  subscr ipt  ( c  f o r  creep and p 
f o r  p l a s t i c  s t r a i n )  refers t o  the  type of s t r a i n  imposed i n  t h e  t e n s i l e  port ion 
of the  cycle, and the  second l e t t e r  r e f e r s  t o  the  type of s t r a i n  imposed during 
t h e  compressive port ion of t h e  cycle.  
I n  any a r b i t r a r y  hys te res i s  loop, such as shown i n  Figure 1, t h e  t e n s i l e  
i n e l a s t i c  s t r a i n  (E)  can be separated i n t o  p l a s t i c  ( E )  2nd (a) components. 
Likewise, t h e  compressive i n e l a s t i c  s t r a i n  (a) can a l s o  be separated i n t o  i t s  
p l a s t i c  (s) and creep (a) components. 
components ( E  and @) nor t h e  two creep components ( E  and 3) w i l l  be 
equal. It i s  only necessary t h a t  the  e n t i r e  t e n s i l e  i n e l a s t i c  s t r a i n  (AD) be 
equal t o  t h e  e n t i r e  compressive i n e l a s t i c  s t r a i n  (c) since we a re  deal ing 
with a closed hys te res i s  loop. The par t i t ioned  s t r a i n  ranges a re  obtained i n  
t h e  following manner. The completely reversed p l a s t i c  s t r a i n  range, A€,, ,- 
is  the  smaller of t h e  two p l a s t i c  components and i n  t h i s  example is  equal t o  DB. 
The completely reversed creep s t r a i n  range, A€,, , i s  equal t o  t h e  smaller of 
t h e  two creep components and becomes B. 
difference between t h e  two p l a s t i c  components must be equal t o  the  difference 
between the  two creep components,or 
equal t o  A€, or A€,, i n  accordance with t h e  notat ion s t a t e d  above. 
example, it i s  equal t o  A€, s ince the  t e n s i l e  p l a s t i c  s t r a i n  i s  grea te r  
than t h e  compressive p l a s t i c  s t r a i n .  
sum of the  par t i t ioned  s t r a i n  ranges w i l l  necessar i ly  be equal t o  the t o t a l  
i n e l a s t i c  s t r a i n  range or t h e  width of t h e  hys te res i s  loop. 
I n  general, ne i ther  t h e  two p l a s t i c  
As  can be seen graphically,  t h e  
- E = BA - E. This difference i s  then 
For t h i s  
It follows from the  above procedure, t h a t  t h e  
The completely reversed p l a s t i c  s t r a i n ,  pp , and i ts  e on cyc l ic  oc 
l i f e ,  has been extensively studied. The w e 1  own equation, pp=c 9 
proposed by Manson ( r e f .  21) and Coffin ( r e f .  22) ,  provides the  form of t h e  
l i f e  r e l a t i o n  under t h i s  type of reversed s t r a i n .  
i s  the  important damaging i n e l a s t i c  s t r a i n .  
be the  case but only when high frequencies a re  encountered. 
Below the  creep range, t h i s  
A t  high temperatures, t h i s  may also 
The n€, type of s t r a i n  i s  of ten encountered i n  service as a r e s u l t  of 
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thermal s t r e s s ,  but  has not been c l e a r l y  iden t i f i ed  as such. A high temperature 
s t ra in-cyc l ing  t e s t  with compressive hold time a l s o  fea tures  t h i s  type of s t r a i n .  
The A€=,, s t r a i n  i s  analogous t o  t h e  A€,, s t r a i n ,  except t h a t  the  creep i s  
i n  tension and the  p l a s t i c  s t r a i n  i s  i n  compression. Such a s t r a i n  component 
i s  present i n  some types of thermal stress problems as w e l l  as during s t r a i n  
cycling t e s t s  with a hold time i n  tension.  
The e f f e c t  on cyc l ic  l i f e  of completely reversed creep s t r a i n ,  a€,- , 
has not been f u l l y  explored i n  t h e  pas t .  
s t r a i n i n g  i s  encountered i n  cyc l ic  creep-rupture t e s t s  ( r e f s .  18-19) as  well  
as i n  low frequency, high-temperature, reversed-loading fa t igue  t e s t s .  
Material  behavior under t h i s  type of 
S t r a i n  Range - Li fe  Relations 
It i s  assumed t h a t  a unique r e l a t i o n  e x i s t s  between cyc l ic  l i f e  and 
each one of t he  s t r a i n  components l i s t e d .  Although t h e  method does not 
r e l y  on a spec i f i c  form f o r  these r e l a t ions ,  we s h a l l  assume from the  
l imited information a t  hand t h a t  they a r e  of t he  same form as  t h e  Manson- 
Coffin r e l a t ion .  It i s  now necessary t o  consider t h e  types of tests t h a t  
w i l l  reveal  these  re la t ionships  i n  a simple manner. 
The ,b,EppCcripxent. - Methods f o r  determining t h e  l i f e  r e l a t i o n  as  
a function of reversed p l a s t i c  s t r a i n  a r e  now w e l l  es tabl ished a t  temperatures 
below the  creep range where l i v e s  a re  in sens i t i ve  t o  frequency ( r e f .  2 3 ) .  
high temperature, however, t e s t s  conducted by imposing f ixed " p l a s t i c  s t r a i n  
ranges" of ten  produce widely varying l i v e s ,  irepending on frequency of s t r a in ing .  
A s  t h e  frequency i s  decreased, more time i s  ava i lab le  f o r  creep t o  occur, and 
hence more of t h e  imposed i n e l a s t i c  s t r a i n  becomes creep r a the r  than p l a s t i c  
flow. Thus, what we may measure and th ink  of as  "p l a s t i c  flow," because it i s  
i n e l a s t i c ,  may not be e n t i r e l y  t h a t  a t  a l l ,  but may be a mixture of p l a s t i c  s t r a i n  
and creep s t r a i n .  
p l a s t i c  s t r a i n ;  therefore ,  at high temperature, a real measure of t h e  l i f e  r e l a t i o n  
with a p l a s t i c  s t r a i n  component can only be obtained by imposing the  frequency a t  
a high enough value t o  exclude t h e  p robab i l i t y  of introducing a la rge  creep 
component. 
1Mo s t e e l  t e s t e ]  i n  t h i s  inves t iga t ion .  
may require  higher o r  lower frequencies.  
a range of frequencies,  and t o  note the  frequency a t  which l i f e  approzches an 
asymptotic value. The experimentally observed f a c t  t h a t  an asymptotic value 
does indeed tend t o  be reached lends support t o  t he  v a l i d i t y  of t h i s  s t r a i n  
pa r t i t i on ing  concept. It i s  probably des i rab le ,  however, t o  avoid extremely 
high (u l t r a son ic )  frequencies because t h e  nature of loca l ized  s t r a i n  d i s t r i b u t i o n  
may become fundamentally d i f f e r e n t  i n  t h i s  range ( r e f .  24).  
A t  
The higher t h e  frequency, t he  higher w i l l  be t h e  component of 
Fre uencies of t he  order of 0 .1  Hz were found t o  be adequate f o r  t,ke 2$r- 
Other mater ia ls  t e s t ed  a t  other  temperatures 
One way t o  determine i f  t he  frequency i s  high enough i s  t o  run t e s t s  over 
The measured cyc l i c  l i f e  of a t e s t  run a t  a s u f f i c i e n t l y  high frequency 
w i l l  be re fer red  t o  as  N A s t r a i g h t  l i n e  f i t  of log  ( pp ) vse log  (Npp) PP a 
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es tab l i shes  the desired re la t ionship .  
A representat ive hys te res i s  loop of t h i s  kind of cycle i s  shown i n  Figure 
2(A). I n  cycl ing between t h e  s t r a i n  l i m i t s  indicated a t  points  A and C, a loop 
i s  generated having an i n e l a s t i c  width of t h e  amount E. 
generated below t h e  creep l i m i t  or  a t  a frequency high enough t o  preclude creep 
at some high temperature then BD becomes i d e n t i c a l l y  equal t o  
If t h i s  loop is  
The ,!l€p, Component.- Several  types of t e s t s  are possible  f o r  determining 
the  r e l a t i o n  between QCF and l i f e .  
The f irst  i s  run a t  a constant temperature i n  t h e  creep range. 
We s h a l l  consider t h ree  differef i t  ones. 
Tensi le  s t r a i n i n g  i s  applied at a high r a t e  t o  insure t h a t  p l a s t i c  s t r a i n  
r a the r  than creep s t r a i n  occurs during t h i s  ha l f  of t he  cycle .  
port ion of t h e  cycle involves a hold period a t  a constant stress so t h a t  t he  
compressive creep s t r a i n  can be e a s i l y  recognized and measured. 
t h i s  kind of a cycle i s  shown i n  Figure 3 ( A ) .  The t e n s i l e  p l a s t i c  s t r a i n  i s  
given by E, 
- p l a s t i c  s t r a i n ,  BF, is  a l s o  indicated.  
EF, and n€,,equals 5. 
The compressive 
An. example of 
t he  - compressive creep s t r a i n  by E, and a s m a l l  amount of compressive 
hEpcfor  t h i s  example becomes equal t o  
The second type of t e s t  a l s o  involves a constant temperature i n  the  creep 
range. Both r a p i d  t e n s i l e  and compressive s t r a i n i n g  a r e  imposed, but  a hold 
period a t  constant peak compressive s t r a i n  i s  introduced during which compressive 
s t r e s s  re laxa t ion  occurs. A s  t h e  stress relaxes,  t he  corresponding e l a s t i c  s t r a i n  
i s  converted t o  compressive creep s t r a i n .  Tn t h i s  case, nepc equals t he  amount 
of s t r e s s  relaxed divided by the  modulus of e l a s t i c i t y .  An example of t h i s  type 
of cycle is shown i n  Figure 3(B) .  
by %. 
Here, t h e  ACrC i s  given by E, and t h e  
A t h i r d  type of tes t  i s  a modification of t h e  f i rs t  one described. In  
t h i s  case, t h e  temperature during t e n s i l e  s t r a i n i n g  i s  reduced t o  a value below 
t h e  creep range of t h e  mater ia l .  This then gives added assurance t h a t  a l l  t he  
t e n s i l e  s t r a i n i n g  is  p l a s t i c .  
A component of completely reversed p l a s t i c  s t r a i n ,  AEpp, although 
undesirable, i s  usua l ly  present i n  the  above t e s t s .  Ideal ly ,  a t e s t  t o  determine 
t h e  A€,,-life r e l a t i o n  should contain no ACpp, and thus the  measured l i f e  
would be N . With a A€,,component present,  t h e  measured l i f e ,  N, i s  less than 
N . The Yffe N must therefore  be computed. This computation cannot be made 
uff_Eil t h e  AE,:LN r e l a t i o n  has been establ ished.  If we assume t h a t  t h e  
damage associated d ? h  the  h( :pqterm i s  given by the  cycle r a t i o  N/N , and 
likewise t h e  damage associated with the  
N/Npc, then assuming a l i n e a r  l i f e  f r ac t ion  r u l e  we get  
term i s  given by t h e  cygye r a t i o  
N / N ~ ~  + N/N = 1 
PC 
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Having measured N,A€ A& and having establ ished N Equation 
(1) can be solved f o r  N,,. s t r a i g h t  l i n e  f i t  of log  ( A€,, log  (Npc)  
provides t h e  desired refkt ionship.  
The Component. - The types of 
n&.,-life kelationship are i d e n t i c a l  
a sifigle but very important exception: 
compressive s t r a i n s  a r e  applied Kust be 
is  always present.  The damage 
t e s t s  ava i lab le  f o r  determining t h e  
t o  those discussed h:~"-- ( 
t h e  conditions under which the  t e n s i l e  and 
interchanged. Here again, a component 
t h a t  i. at,tribw,ed cc t h i s  type of 
) with 
. 8 1  . rq.acq 5: g;'?reY 57 LL cJclt3ratio N/N . The damage associated with th2  
term i s  N/N where Ne would be thg'life associated with a t e s t  containing 
only a term."Again, asguming a l i n e a r  l i f e  f r a c t i o n  rule ,  we obtain 
N / N ~ ~  + N/N = 1 
CP 
Having measured N, AE; , A & c y ,  and having establ ished N , Equation 
'Fs. log  (Ne ) (2)  can be solved f o r  lV 
provides the  desired refgt ion.  
i n  Figure 4(A.) and (B). 
'E s t r a i g h t  l i n e  f i t  of log  ( A €  "P Examples of both types of these cycles a r e  sgown 
I n  both of these examples, A €  i s  given by E, and A€Fp by E. eP 
- Two types of t e s t s  can be useful  i n  determining 
t h e  the  r e l a t i o n  between cyc l ic  l i f e  and ccinpletely reversed creep s t r a i n :  
cycl ic  creep-rupture t e s t ,  and t h e  s t r a i n  cycl ing t e s t  i n  which hold periods are 
introduced a t  both maximum t e n s i l e  and ccmpressive s t r a i n s .  Ideally,  these t e s t s  
should be run with a l l  t h e  i n e l a s t i c  s t r a i n  being creep straiq and the  measured 
l i f e  would therefore  be Nee. 
require both t e n s i l e  and compressive s t r e s s e s  a t  or below the  yield s t r e s s .  
creep r a t e s  would therefore  be very low r e s u l t i n g  i n  excessively long t e s t  t i n c s .  
Raising the  s t r e s s e s  t o  a more p r a c t i c a l  l e v e l  introduces p l a s t i c  s t r a i n s .  If 
t h e  p l a s t i c  s t r a i n  i n  tens icn  is  exact ly  equal t o  the  p l a s t i c  s t r a i n  i n  compression, 
t h e  t o t a l  i n e l a s t i c  s t r a i n  i n  t h e  cycle w i l l  be par t i t ioned i n t o  A EPp a n d n  . 
If, however, the  p l a s t i c  s t r a i n  i n  tension is  not equal t o  t h e  p l a s t i c  s t r a i n  i n  
compression, then an addi t ional  s t r a i n  component i s  present being e i t h e r  A&p o r  
. Figure 1 shows an example of such a cycle i n  which n e p p ,  A € p c  , and 
a r e  a l l  present.  It i s  because of the  unavoidable presence of these s t r a i n  
ranges t h a t  t h e  ,A€,,-life r e l a t i o n  must be t h e  last  one t o  be evaluated, 
Nee can now be computed from the following equation involving three cycle r a t i o s .  
This tu rns  ~ i l t  o  be impractical  s ince it would 
The 
+ N/N + N / N ~ ~  = 1 
N/NpP PC 
o r  ( 3 )  
whichever i s  appl icable .  
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Having measured N9 A €'pQ A Epc or  A Ecp ACcG , and having establ ished 
N , N or  Ne I Equation 3 can be solved f o r  N I The required r e l a t ionsh ip  
ik!Ptheffcobtaingd by f i t t i n g  a s t r a i g h t  l i n e  t o  %e log  ( 
p lo t .  Examples of hys te res i s  loops r e s u l t i n g  from t h e  above 
cycles a re  shown i n  Figures 5(A: and ( € 3 ) .  
smaller of t h e  two creep s t r a i n s ,  o r  E. 
s t r a i n s ,  or, m. 
EB, and A € p p  + A &  . I n  t h i s  case, nepc = EB - HB - GB. The loop shovn 
i n  Figure 5 ( B )  has been drawn t o  i l l u s t r a t e  a case - i n which no A 
present .  For t h i s  example, A €  = 5 and nepp= EG. 
) vs.  l o g  (Nee) 
ntioned types of 
In  Figure 5 ( ~ ) ,  
A€,pc must be t h e  difference between the  t o t a l  i n e l a s t i c  s t r a i n ,  
is  given by t h e  
A c p p  is  t h e  smaller of t h e  two p l a s t i c  
- - - -
o r  n e c p  i s  
Damage Summat ion 
The concept behind s t r a i n  pa r t i t i on ing  as  an a id  i n  summing damage components 
has already, i n  e f f ec t ,  been applied i n  the  previous sect ion,  f o r  example i n  
Equations (1-3). 
components was used t o  determine t h e  r e l a t i o n  between cyc l ic  l i f e  and one of t he  
s t r a i n  components, t h e  reversed creep. Having once determined the  l i f e  r e l a t ion -  
ships  f o r  til1 of til? components, t h e  procedure can be reversed. Determine by 
measurement, calculat ion,  o r  by estimation, each of t h e  s t r a i n  components i n  the  
repeated i n e l a s t i c  s t r a i n  cycle of i n t e r e s t .  From t h e  individual  s t r a i n  range- 
l i f e  r e l a t ions ,  t h e  l i v e s  associated with these  par t i t ioned  s t r a i n  ranges can be 
obtained. The damage a t  f a i l u r e  due t o  each of t h e  pa r t i t i oned  s t r a i n  ranges is  
taken as t h e  cycle r a t i o :  
r a t i o s  i n t o  Equation 3, t h e  prE87icted number 8f cycles !% f a i l u r e ,  N, can be obtained. 
Here t h e  pa r t i t i on ing  of an applied s t r a i n  range i n t o  ji,, 
N/N , N/Npc, N/Nc , and N/N . By s u b s t i t u t i n g  these  
EXPERIMENTAT., TETAILS 
Materials 
Two materials were used i n  th i s  inves t iga t ion .  
da ta  were obtained using a Cr-Mo pressure vesse l  s t e e l .  
from an extruded pipe of f u l l y  annealed 2tCr-lMo s t e e l  (ASTM A335, Grade P22) 
furnished by t h e  Metal Propert ies  Council. 
i e s  have been supplied with sec t ions  of t h i s  pipe f o r  o ther  inves t iga t ions .  
Detai ls  regarding composition and microstructure a re  documented i n  Reference 25* 
Preliminary t e s t  r e s u l t s  were a l s o  obtained using a Type 31-6 s t a i n l e s s  s t e e l .  
Specimens were machined from hot ro l l ed  and annealed b a r  s tock.  
A major por t ion  of t h e  
Specimens were cu t  
A number of o ther  research laborator-  
Specimens and Heating Techniques 
All t h e  specimens used i n  t h i s  inves t iga t ion  were of t h e  t h i n  wal led ,  
hourglass, tubular  type described i n  d e t a i l  and shown i n  Figure 8 of Reference 
23. Two heat ing methods were used. A major port ion of t he  t e s t s  conducted 
were perfcrmed at constant temperature using a s i l i c o n  carbide heat ing element 
inser ted  in s ide  the  tubular  specimen as  described i n  Reference 23. Tests run 
with a s t e p  change i n  temperature during each cycle employed d i r e c t  res i s tance  
heat ing i n  conjunction w i t h  water cooled specimen gr ips .  This  f a c i l i t a t e d  rapid 
8 
changes i n  temperature. 
load. 
same manner as described i n  Reference 23. 
Temperature changes were always performed under zero 
Thermocouples were used f o r  temperature measurement and cont ro l  i n  the  
Equipment, and T e s t  Procedures 
A majcr port ion cf t h e  equipment and procedures used t o  generate t h e  
data f o r  t h i s  i n v e s t i g a t i m  are  described i n  d e t a i l  i n  Reference 2’3. Only the  
new or mcdified equipment and prccedures w i l l  be included here. 
t i c n s  were necessary m l y  f o r  thcse t e s t s  invcllving creep under ccnstant b a d .  
In these t e s t s ,  load was servc-controlled until a creep s t r a i n  l i m i t  was reached. 
When t h i s  s t r a i n  l i m i t  was reached, cne cf t w c  possible procedures was fcllc::~l!. 
In the  case cf isothermal t e s t s ,  the  load was reversed. I n  t e s t s  involving 
s t e p  changes i n  temperature, the  load w a s  f i rs t  brought back t c  zero, t h e  tcm- 
perature changed, and the  reverse load applied.  
C a l l s  f o r  s t e p  changes i n  load. Tc  prevent load overshcot and t o  l i m i t  t h e  r a t e  
of s t r a i n i n g  t o  a reasonable level ,  t h e  c i l  supplied t c  the  hydraulic actuator  
These z0dific.l- 
The procedure described abcve 
: r , th re t t led  down with a needle valve. 
EXPERIMENTAL RESULTS 
All of t h e  t e s t  d a t a  used t c  generate t h e  individual  i n e l a s t i c  s t r a i n  rz?g? 
versus l i f e  r e l a t i o n s  were l imited t o  those cases i n  which the  damage due t o  t h e  
s t r a i n  range of i n t e r e s t  w a s  g rea te r  than 50 percent. These data w i l l  be rqrz- 
sented by epen symbcls whose shape resembles t h e  hys te res i s  loop of the t : y p  
of t e s t  performed. Tests i n  which ncne of +he i n e l a s t i c  s t r a i n  compcnents pro- 
duced more than 50 percent of t h e  damage were used t c  confirm t h e  methcd. 
data a r e  represented by closed cr s o l i d  symbols. 
indicates  t h e  type cf t e s t .  Table 1 defines a l l  the  symbols used t o  r e p r e c m t  
t h e  d i f fe ren t  i n e l a s t i c  s t r a i n  ranges ccns is ten t  with t h e  type of t e s t  used t o  
obtain t h i s  information. 
Thzcc 
Again, t h e  shape of t h e  s p b c l  
2$r-lMc S t e e l  
Table 2 summarizes t h e  basic  cyc l ic  s t r a i n - l i f e  data obtained cn t h i s  
material .  
Figure 2 shows the p l a s t i c  s t r a i n  range versus cyc l ic  l i f e  r e l a t i m s h i p  
f o r  t h i s  material a t  l l O O F  ( 8 6 5 ~ ) .  
frequencies indicated.  
were s u f f i c i e n t l y  high so t h a t  t h e r e  w a s  no l i f e  dependency on t h i s  var iable .  
According t o  t h e  l i n e  shown i n  t h i s  f igure,  t h e  l i f e  r e l a t i o n  i s  
These data points  were obtained at  t h e  t e s t  
T e s t  frequencies f o r  t h i s  mater ia l  and tes t  temperature 
Figure 3 shows t h e  AGpCversus l i f e  re la t ionship .  Two d i f f e r e n t  types 
of t e s t s  were used t o  e s t a b l i s h  t h i s  l i n e  (see Table 1). 
representing t h i s  re la t ionship  i s  
The r e s u l t a c t  equaticn 
Figure 4 shows t h e  t es t  resul tsused t o  obtain t h e  re la t ionship  between 
and cyc l i c  l i f e .  
t o  determine t h i s  re la t ionship .  Attempts were made t o  obtain data f o r  t h i s  
same type of cycle but with t h e  p l a s t i c  flow i n  eompressicx k h y S  applied at 
a lower temperature. These t e s t s  exhibited some local izeu buckling p r i o r  t o  
f a i l u r e  and were therefore  not included. It appears t h a t  some specimen design 
modifications w i l l  be necessary t o  e l iminate  t h i s  problem. 
of buckling i n  the  isothermal tests.  
Only isothermal t e n s i l e  hold t i m e  tests were used 
There w a s  no evidence 
The equation represent ing these  dzta i s  
Figure 5 ck-ots r e s u l t s  of tests run t o  obtain t h e  r e l a t ionsh ip  between 
A € G G  and cyc l i c  l i f e .  The only type t e s t  used t o  obtain t h i s  r e l a t ionsh ip  
was the  cyc l i c  creep-rupture t e s t .  For t h i s  material, only a small  amount of 
reversed creep s t r a i n ,  A€,. , could have been obtained from the  cyc l i c  relaxa- 
t i o n  t e s t .  This would have resu l ted  i n  excessively long t e s t  times and was 
therefore  not incorporated i n  t h i s  inves t iga t ion .  The r e l a t i o n  r e s u l t i n g  from 
t h e  cyc l i c  creep-rupture t e s t s  i s  
The l i f e  re la t ionships  (eqs.. 6-9) a re  summarized i n  Figure 6. 
Type 316 S ta in l e s s  S t e e l  
Experimental data needed t o  generate t h e  pa r t i t i oned  s t r a i n  range- l i fe  
r e l a t ions  f o r  t h i s  mater ia l  were, f o r  t h e  most par t ,  obtained from t h e  inves t i -  
gation of Reference 19. A l imited number of addi t iona l  t e s t s  were conducted i n  
t h e  regions where ex i s t ing  da ta  were i n s u f f i c i e n t  t o  obtain the  required 
re la t ionships .  
conducted with a lower t e s t  temperature of 6 0 0 ~  (5gOK) i n  one-half of the  cycle,  
analogous t o  seve ra l  of t h e  t e s t s  performed on t h e  2$r-lMo s t e e l .  
r e l a t ions  generated f o r  t h i s  mater ia l  a r e  presented i n  Figure 7. 
Tests were conducted a t  l3OOF (980~) although a f e w  tests were 
The l i f e  
DISCUSSION 
A Qua l i t a t ive  Evaluation of t h e  S t r a i n  Pa r t i t i on ing  Approach 
Figure 6 shows a summary of t h e  s t r a i g h t  l i n e  re la t ionships  derived from 
Figures 2-5. 
family re la t ionship ,  considering t h e  e a r l y  s tage  of development of t h i s  approach, 
There w a s  not enough experience ava i lab le  t o  guide i n  the  se l ec t ion  of a pa t te rn .  
As more information i s  developed, it is  possible  t h a t  a usefu l  pa t t e rn  may evolve, 
s imi l a r  t o  t h e  Universal Slopes approach previously derived ( r e f s  I 26-27) f rm 
sub-creep temperature data .  
I n  drawing these  l i nes ,  no attempt was made t o  impose any type of 
1.0 
It i s  evident from Figure 6 t h a t  f o r  the 2$’r-lMo s t e e l  there  i s  a d i s t i n c t  
difference i n  the  l i f e  re la t ionship  f o r  each i n e l a s t i c  s t r a i n  comporent. 
difference depends on the  mechanism i n  t h e  t e n s i l e  port ion of the  cycle as 1~11 
as on the  mechanism of reversa l  of the s t r a i n .  
material ,  t h e  l e a s t  damaging e f f e c t  would appear t o  r e s u l t  from reversed 
p l a s t i c i t y  t h a t  occurs i n  t h e  s l i p  planes. 
more damaging. 
among the  ccmpcrmt l i n e s .  Figure 7 shows, f o r  example, some preliminsry re- 
s u l t s  f o r  t h e  316 s t a i n l e s s  s t e e l .  
15--can be seen between t h e  A€cp and t h e  Afiip,lines. Since t h i s  f a c t o r  i s  
much grea te r  than t h a t  observed f o r  t h e  other  material ( f i g .  61, we s h a l l  has.=: 
t o  await a v a i l a b i l i t y  of more data before drawing any general conclusioac cn 
the  r e l a t i v e  damage associated with each type of s t r a i n  component. 
The 
For a given s t r a i n  range f o r  t h i s  
S t r a i n s  involving creep a re  m c h  
Other materials may, however, r e f l e c t  d i f f e r e n t  ordering a& spzcing . 
A la rge  difference i n  l i f e - a  f a c t o r  of zbout 
The form of the  data shown i n  Figures 6 and 7 provide i n t e r e s t i n g  quali-  
t a t i v e  explanations of sc;lrLe t rends t h a t  a r e  now commonly accepted. They explain, 
f o r  example, why i n  s t ra in-cyc l ing  f a t i g u e  a t  high temperature, lower frequency i s  
accompanied by lower cyc l ic  l i f e :  the longer times a t  each s t r a i n  l e v e l  permits 
more creep, converting reversed p l a s t i c  s t r a i n  t o  reversed creep s t r a i n .  This 
concept 23:,c z’.,gg?rZL there  may be a lower bound on cyc l ic  l i f e  as frequency i s  
progressively reduced t c  t h e  point where near ly  a l l  t h e  i n e l a s t i c  s t r a i n  i s  crezp. 
Since other  approaches, based on time r a t i o s  o r  experimental r e l a t i m s  cf 
l i f e  with cyc l ic  frequency, have not suggested such a lower bound, t h i s  subject  
bears f u r t h e r  study. 
The l i n e s  of f igures  6 and 7 a l s o  o f f e r  an explanation of why t e n s i l e  hold 
times during high-temperature s t r a i n  cycliiig are more detrimental  Chan rapid 
s t r a i n  cycling: t e n s i l e  creep which occurs during t h e  hold period i s  l a t c r  
reversed by ccmpressive p l a s t i c  flow. For the  s t a i n l e s s  s t e e l ,  t e n s i l c  hold 
periods would be expected t o  be p a r t i c u l a r l y  detrimental  whereas compressive 
hold periods would have very l i t t l e  e f f e c t  cn l i f e  ( f i g .  7 ) .  
peak compressicn may be more damaging i n  other  mater ia ls  and t h i s  i s  suggestcc! 
by t h e  r e s u l t s  shcwn i n  Figure 6 f o r  t h e  2$r-lMo s t e e l .  Figures 6 ar,d 7 a l s o  
provide a guide as t o  what t o  expect f o r  hold periGds i n  both tension and corn- 
pressicn,  wherein t h e  l i n e  f o r  completely reversed creep s t r a i n ,  AEcc > becomes 
import an t .  
Hold periods i n  
It has been commonly noted i n  the  l i t e r a t u r e  (see, f o r  example, re f .  20) t h a t  
For a narrou 
The e f f e c t  of t h i s  
s t r a i n  hold-time e f f e c t s  a r e  grea tes t  when the  hys te res i s  loop is narrow. 
proposed approach provides an understanding of these observations. 
hys te res i s  loop, t h e  addi t icna l  re laxa t ion  creep s t r a i n  can become a la rge  
percentage of the  t o t a l  i n e l a s t i c  s t r a i n  range of t h e  cycle.  
addi t ional  s t r a i n  can become dominant r e s u l t i n g  i n  a large reduction i n  l i f ,  - as 
would be indicated f r o m t h e  r e s u l t s  shown i n  Figures 6 and 7. For a case in- 
volving a wide hys te res i s  loop, t h e  addi t iona l  re laxat ion creep s t r a i n  can bc 
no more than a s m a l l  percentage of t h e  t o t a l  i n e l a s t i c  s t r a i n  range, and w i l l  
therefore  have a minor e f f e c t  on l i f e .  
The 
11 
An i n t e r e s t i n g  appl ica t ion  of Figures 6 and 7 r e l a t e s  t o  the  10 Percent 
Rule ( r e f s .  4-6) previously studied a t  our Laboratory. It can be seen Prom 
Figure 6 t h a t ,  f o r  a given s t r a i n  range, t he  l i f e  can vary about a f a c t o r  of 10 
depending upon the  type of s t r a i n  component featured i n  t h e  deformation. The 
highest  l i f e  can be expected i f  t h e  s t r a i n  is  a l l  reversed p l a s t i c i t y ,  and t h i s  
l i f e  estimate can be made on the  bas i s  of the  Universal  Slopes Method. For 
most mater ia ls ,  it w i l l  be accurate within a f a c t o r  of 2 or 3 ( r e f .  27). Re-  
ducing t h i s  estimated l i f e  by a f a c t o r  of 10 (as required by the  10 Percent 
.Rule) w i l l  embrace t h e  l i fe ,  regardless  of t h e  type of s t r a i n  component which 
r e a l l y  develops, within reasonable accuracy. Thus, it i s  remarkable how w e l l  
t h e  10 Percent Rule works out, considering t h a t  it i s  subject  t o  e r r o r  both ir, 
t he  i n i t i a l  es t imate  of t h e  p l a s t i c i t y - l i f e  r e l a t i o n  based only on s t e t i c  t e n s i l e  
propert ies ,  and i n  i t s  non-commitment as t o  t h e  type of s t r a i n  t h a t  d.evelcpc. 
However, t h e  diverging curves of Figures 6 and 7 suggest t h a t  caut ion sho Id be 
exercised i n  applying the  10 Percent  Rule a t  l i v e s  above approximately 10’ cyclcs 
t o  f a i l u r e .  
A Quant i ta t ive  Evaluation of t h e  S t r a i n  Pa r t i t i on ing  Approach 
A measure of how w e l l  t h e  s t r a i n  p a r t i t i o n i n g  approach and t h e  10 Percent  
Rule work out f o r  t he  data generated i n  t h i s  program can be seen i n  Figures 8 and 
9. In Figure 8, a l l  t he  da ta  poin ts  generated i n  t h i s  study for t h e  2kCr-lMo 
s t e e l  a r e  shown on the  b a s i s  of experimental l i f e  vs. predicted l i f e .  Two 
types of data points  are shown: those which were used t o  generate t h e  s t r a i n -  
l i f e  r e l a t i o n s  shown i n  Figures 2-3, and aux i l i a ry  t e s t  points  not used i n  these  
f igures .  
and experimental l i~ves,  For the  open symboh, t h i s ,  i n  par t ,  is t o  be expected 
because t h e  predict ions a r e  based on cor re la t ions  generated from t h e  very da ta  
which en te r  i n t o  t h e  f i n a l  ana lys i s .  But t he  da ta  points  a re  many, and t h e  types 
of t e s t s  involved a re  diverse .  Thus, t h e  good co r re l a t ion  shown, which i s  based 
on only a few empirical  constants,  i s  encouraging. The closed symbols, based 
on t e s t s  not used i n  t h e  determination of t he  mater ia l  constants,  a l s o  show good 
agreement, which i s  even more encouraging. 
Very good agreement (within a f a c t o r  of 2) is  seen between the  predicted 
The co r re l a t ion  based on t h e  10 Percent Rule i s  shown i n  Figure 9 .  I n  t h i s  
type of representat ion,  an upper bound l i n e  i s  plot ted;  determined s o l e l y  from 
t h e  t e n s i l e  proper t ies  reported i n  Reference 25* A lower bound l i n e  i s  p lo t ted ,  
based on the  upper bound l i n e ,  and displaced downward by a f a c t o r  of 10. 
average l i ne ,  displaced upward by a f a c t o r  of 2 above t h e  lower bound i s  drawn. 
According t o  t h e  10 Percent Rule, we expect t h e  da ta  t o  f a l l  within t h e  upper 
and lower bounds, being most dense along the  average l i n e .  It i s  seen t h a t  t h e  
10 Percent Rule i s  qui te  good i n  t h i s  case, considering t h a t  it required knowledge 
only of t e n s i l e  s t rength,  e l a s t i c  modulus, and reduction of a rea  from a t e n s i l e  
tes t .  Why t h i s  is  s o  i s  now b e t t e r  understood, and under what conditions we 
can expect g rea t e r  deviat ions between predicted and experimental r e s u l t s  can now 
perhaps b e t t e r  be estimated on t h e  bas i s  of t he  r e s u l t s  of t he  s t r a i n  p a r t i t i o n i n g  
approach. 
An 
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Metallography 
The separation of a t o t a l  i n e l a s t i c  s t r a i n  range i n t o  i t s  four  basic  
components a l s o  opens areas of study regarding t h e  metal lurgical  differences 
associated with these ccmpcnents. 
sect ion of 316 s t a i n l e s s  s t e e l  specimens f o r  two types of s t r a i n  component, 
A ECp and A tpc a t  twc s t r a i n  l e v e l s .  
high s t r a i n .  
reversed by p l a s t i c  flow ( A 
approximately t h e  same s t r a i n  range the  f a i l u r e  i s  completely t ransgranular  if 
t h e  tension i s  p l a s t i c  and the  compression i s  creep 
correspondingly d i f f e r e n t :  t e n s i l e  creep r e s u l t s  i n  only 15 cycles of l i f e  for 
t h i s  s t r a i n  range; compressive creep requl t s  i n  264 cycles.  
lower s t r a i n  range are  shown i n  Figures lo(!') and (E). Again, t e n s i l e  creep 
reversed by compressive p l a s t i c  flow r e s u l t s  i n  i n t e r c r y s t a l l i n e  f a i l u r e ,  Trhile 
compressive creep reversed by t e n s i l e  p l a s t i c  flow shows no i n t e r c r y s t a l l i n e  
cracking. For t h e  t e n s i l e  creep t e s t ,  the  l i f e  w a s  632 cycles; f o r  the  t e s t  
involving t e n s i l e  p l a s t i c  flow and compressive creep, the specimen ha? not 
yet f a i l e d  a f t e r  3070 cycles when the  t e s t  w a s  discontinued. Transcrystal l ine 
surface cracks had s ta r ted ,  but cont inui ty  among adjacent i n t e r i o r  c r y s t a l s  
remained i n t a c t .  
Figure 10 shows micrographs of the  f a i l u r e  
Figures lO(A,! and (3) r e f e r  t o  the  
Note t h a t  t h e  f a i l u r e  sec t ion  associated with the  t e n s i l e  creep 
) i s  completely intergranular,  while for 
) .  The l i v e s  arc 
The r e s u l t s  f o r  2 
Photomicrographs of t e s t e d  specimens cf t h e  26Cr-lMo s t e e l  are shown i n  
Figure 11. Detailed examination reve: I s  t rends i n  cracking behavior t h a t  a r e  
similar L . < :  E found f o r  the  Type 316 s t a i n l e s s  s t e e l .  However, the  high 
degree of oxidation of t h i s  mater ia l  a t  l l O O F  ( 8 6 5 ~ )  hinders t h e  c l e a r  iden- 
t i f i c a t i o n  of the  mode of surface cracking. The micrographs of t h e  specimens 
shown i n  Figures ll(k and ( I i nd ica te  only t ransgranular  cracking. These 
specimens were subjected t c  t e n s i l e  p l a s t i c  flow reversed by compressive crccp. 
Figures ll(B\ and (I), on t h e  other  hand, show mixed intergranular  and 
t ransgranular  cracking. Here, t e n s i l e  creep was reversed by compressive p l a s t i c  
flow. In  cont ras t  t o  the  behavicr of t h e  Type 316 s t a i n l e s s  s t e e l ,  no subsurface 
intergranular  cracking w a s  v i s ib le ,  thus suggesting t h a t  t e n s i l e  creep reversed 
by compressive p l a s t i c  flow i s  not as damaging f o r  t h i s  mater ia l  as f o r  the  
s t a i n l e s s  s t e e l .  This difTerence i n  behavior i s  a l s o  re f lec ted  by the differcnce 
between t h e  ACi,p-N,p re la t ionships  f o r  these two materials. 
noted t h a t  t h e  l i v e s  l i s t e d  i n  Figures 11(B) and (11) are  approximate s ince thcsc 
specimens experienced some local ized buckling p r i o r  t o  f a i l u r e .  
It should b:, 
This metallographic study shows t h a t  t h e  nature of the  imposed i n e l a s t i c  
strain--how t e n s i l e  and compressive creep combine with p l a s t i c  flow t o  absorb 
an imposed strain--governs the mechanisms of microstructural  de te r iora t ion  2nd 
therefore  t h e  l i f e .  Such metal lurgical  s tud ies  a re  valuable and should be 
extended. 
Poten t ia l  of t h e  S t r a i n  Par t i t ion ing  Method 
While t h e  method does not e x p l i c i t l y  require a de ta i led  s t r e s s  anelysis,  
as do f o r  example those methods which a r e  based on t h e  t ime-fract ion procedures, 
it contains an impl ic i t  requirement t h a t  the  s t r a i n s  be par t i t ioned  according 
t o  type. Accurate p a r t i t i o n i n g  may become complicated, and may, i n  f a c t ,  s t i l l  
require  a complete s t r e s s  analysis,  as w e l l  as supplementary mater ia l  t e s t  
r e s u l t s .  Thus, the  merit of the s t r a i n  p a r t i t i o n i n g  method l i e s  not s o  much 
i n  t h a t  it w i l l  by-pass t h e  requirement of a complete s t r e s s  analysis ,  but i n  
t h a t  it w i l l  provide a b e t t e r  framework for q u a l i t a t i v e  reasoning regarding hcw 
loadings w i l l  a f f e c t  l i f e .  It resolves the  problem of how t o  t r e a t  compressive 
loading. 
component of s t r a i n ,  and on an estimate of the  f r a c t i o n  of t he  i n e l a s t i c  s t r a i n  
range t h a t  t h e  most damaging component cons t i t u t e s .  
conditions w i l l  a f f e c t  t h e  par t i t ioned  s t r a i n  components can a l s o  be subjected 
t o  qua l i t a t ive  study. F ina l ly ,  t he re  is  a good p o s s i b i l i t y  t h a t  when more 
experience becomes avai lable ,  t he  s t r a in -pa r t i t i oned  l i f e  r e l a t ions  them- 
selves  can be estimated from simpler tests (such as  t e n s i l e  and creep duc- 
t i l i t i e s ) ,  thereby g rea t ly  increasing the  e f fec t iveness  of t h e  method as a 
qua l i t a t ive  too l .  
Lower bounds on l i f e  can be estimated, based on t h e  most damaging 
How changes i n  operating 
The s t r a i n  pa r t i t i on ing  approach may reduce considerably the  complica- 
t i ons  associated with complex temperature va r i a t ion  and reduce t o  a secondary 
r o l e  the  problem of accurate determination of s t r e s s  and temperature h is tory .  
When a t ime-fract ion summation method i s  used, t he  s t r e s s e s  and concurrent 
temperatures must be accurately known, s ince creep-rupture l i f e  is  very 
sens i t i ve  t o  s t r e s s  and temperature. On the  o ther  hand, t h e  s t r a i n  range par- 
t i t i o n i n g  approach recognizes t h a t  cyc l i c  l i f e  i s  governed by the  capaci ty  of a 
mater ia l  t o  absorb i n e l a s t i c  s t r a i n .  We have indicated t h a t  there  a r e  four  
d i f f e ren t  ways i n  which cyc l i c  i n e l a s t i c  s t r a i n  can be absorbed. Since t e n s i l e  
and creep d u c t i l i t i e s  a r e  of ten  r e l a t i v e l y  in sens i t i ve  t o  temperature and t i m e  
t o  f a i l u r e ,  we would an t i c ipa t e  t h a t  t h e  curves of Figures 6 and 7 should be 
no more sens i t i ve  t o  temperature than a re  these d u c t i l i t i e s .  
t h e  curves of Figure 6 might be appl icable  over a temperature range of &OF (700~) 
t o  1200F (92OK) within a f a c t o r  of two i n  l i f e .  
from a consideration of t h e  var ia t ions  i n  t e n s i l e  and creep d u c t i l i t i e s  with 
temperature reported i n  Reference 25. Thic spproach might, therefore ,  be 
one i n  which mater ia l  da ta  i s  generated a t  one temperature but i s  appl icable  
over a range of temperatures. 
For example, 
This r e s u l t  was a r r ived  a t  
A s  presented i n  t h i s  report ,  the  data were U n i t e d  t o  re l6t ively-short  t i m e  
exposu,res ( l e s s  than 200 hours),  thus omitt ing considerat ion of meta l lurg ica l  
in te rac t ions  t h a t  could occur as  a r e s u l t  of much longer time exposure t o  
s t r e s s  and temperature. If such exposure i s  involved i n  service appl icat ion,  it 
would be des i rab le  t o  extend the  basic  t e s t s  i n t o  the  proper t i m e  range. 
a l s o  be noted ( f i g .  6) t h a t  a t  low s t r a i n  leve ls ,  normally associated with t h e  
longer cyc l i c  l i ves ,  deviat ions between l i f e  governed by completely reversed 
p l a s t i c  s t r a i n ,  and l i f e  governed by t e n s i l e  creep reversed by p l a s t i c  flow, 
can increase t o  f ac to r s  much l a r g e r  than 10. Differences i n  l i f e  by f ac to r s  
of 100 or 1000 can develop depending on whether an imposed s t r a i n  i s  absorbed 
completely as p l a s t i c  or creep s t r a i n .  Thus, t he  curves need t o  be experimentally 
ve r i f i ed  i n  t h i s  important low s t r a i n  region where l a rge  reductions i n  l i v e s  
can be experienced. 
It might 
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CONCLUDING FEMARKS 
The recent trend i n  creep-fatigue analyses has been t o  consider two 
independent processes- a "creep e f fec t , "  dependent mainly on s t ress- t ime 
fac tors ,  and a "pure fa t igue  e f f e c t "  due t o  imposed cyc l ic  s t r a i n .  There has 
a l s o  been a tendency t o  combine t h e  two e f f e c t s  by a nonlinear cumulative 
damage l a w ,  adding considerably t o  the  complexity of the  treatment and t o  the 
amount of basic  data required f o r  an analysis .  
described i n  t h i s  report  i s  an attempt t o  reduce t h e  e n t i r e  analysis  t o  a con- 
s idera t ion  of only s t r a i n s ,  although t o  do so requires  the  i n e l a s t i c  s t r a i n  
range t o  be par t i t i cned  i n t o  several  ccmponents previously not considered 
separately.  I n i t i a l  experience i s  proniising-for example, i n  explaining fre- 
quency e f f e c t s ,  s t r a i n  hold-time e f f e c t s  and a p o s s j b i e  bas i s  f o r  the  10 
Percent Rule. This experience is  l imited,  however, and only f u r t h e r  study can 
reveal the  f u l l E o p e  of t h e  oppcrtuni t ies  afforded by the approach, or of 
i t s  l imi ta t ions .  
The s t r a i n - p a r t i t i o n i n g  ;~k,,rc-clr_ 
15 
1. 
2. 
3 .  
4. 
5 a  
6. 
7 .  
8. 
9-  
10. 
11 1 
REFERENCES 
Coffin, L. F., Jr., "Cyclic S t r a i n  and Fatigue Study of a 0.1 pc t  C-2.0 
pct  Mo S t e e l  a t  Elevated Temperatures," Transactions of t h e  AIME, Vole 230, 
No. 7, Dec. 1964, pp. 1690-1699. 
Coffin, L. F., Jr., "An Invest igat ion of t he  Cyclic S t r a i n  and Fatigue 
Behaviour of a Low-Carbon Manganese S t e e l  a t  Elevated TemDerature," Proceed- - & 
ings of t h e  In te rna t iona l  Conference on Thermal and High-Strain Fatigue, The 
Metals and Metallurgy Trust ,  London, 1967, pp. 171-197. 
Manson, S. S. and Spera, D. A.,'kDiscussion t o  The Low-Cycle Fatigue Character- 
i s t i c s  of a Nickel-Base Superalloy a t  Room Temperature by C.  H. Wells and C.  
P. Sullivan," ASM Transactions Quarter ly ,  Vol. 58, No. 4, Dec. 1965, pp. 
749-751 0 
Manson, S. S., " In te r faces  Between Fatigue, Creep, and Fracture,  I n t e r -  
na t iona l  Journal of Fracture  Mechanics, Vol. 2, No. 1, Mar. 1966, pp. 327-363. 
Manson, S. S. and Halford, G. R.,'lA Method of Estimating High-Temperature 
Low-Cycle Fatigue Behavior of Mater ia ls ,"  Proceedings of t h e  In te rna t iona l  
Conference on Thermal and High-Strain Fatigue, The Meqals and Metallurgy 
Trust, London, 1967, pp. 154-170. 
Halford, G. R. and Manson, S. S., "Application of a Method of Estimating 
High-Temperature Low-Cycle Fatigue Behavior of Materials," 
the  ASM, Vol. 61, No. 1, Mar. 1968, pp. 94-102. 
Transactions of 
Coffin, L. F.,  Jr., "The Effec t  of Frequency on High-Temperature Low-Cycle 
Fatigue," Proceedings of t h e  A i r  Force Conference on Fatigue and Fracture  of 
Ai rcraf t  S t ruc tures  and Materials.  AFFDL TR 70-144, 1970, A i r  Force F l igh t  
Dynamics Lab., Wright-Patterson AFB, Ohio, pp. 301-311. 
Conway, J. B. and Berling, J, T., "A New Correlat ion of Low-Cycle Fatigue 
Data Involving Hold Periods," Metal lurgical  Transactions, Vol. 1, No. 1, Jan. 
19709 PP* 324-325. 
Berling, J. T. and Conway, J. B., "A New Approach t o  the  
Cycle Fatigue Data, I '  Metal lurgical  Transactions, Vol. 1, 
PP. 805-8090 
Taira, S,'W&me of S t ruc tures  Subjected t o  Varying Load 
Predict ion of Low- 
No. 4, Apr. 1970, 
and Temperature, 'I  
Creep i n  Structures ,  N. J. Hoff, ed. ,  Academic Press, New York, 1962, pp. 
96-124 
Edmunds, H a  G. and White, D. J o g  "Observations of t h e  Effec t  of Creep Relaxa- 
t i o n  on High-Strain Fatigue, 'I  Journal of Mechanical Enaineering Sciehce, Vol. 
8, No, 3, Sept,  1966, pp. 310-321. 
14. 
13. 
16. 
18. 
1-9 
20. 
21. 
22. 
23. 
24. 
T i l ly ,  G. P., "Influence of S t a t i c  and Cyc1i.c Loads on t h e  Deformation 
Behavicur G? ::,a A!.loy S t e e l  at Gooc, Froceedings o f  the In t e rna t iona l  -- 
Conference cri 'Ther9.a.L and High-Strain Fat-i guc?, - Tire Metal.~ Rnd Mr--t;allurgy 
T r w t  ,. L m d c n ,  1967, pp.210. 
------- 
-----_---- 
?limo, D. P., "DE,:: i p - ing  Turbine Ccmponenl; fc r  Loir-Cycle Fatigue, Presented 
a t  l n t e rna t i cna l  Ccnference on Thema1 St resses  and Thermal Fatigue, - Berkeley, 
England, Sept . 1969. - 
Esztergar,  E.  P. ,  "Interim Design Basis f G r  Creep ar,d Fatjgue Ccnditions," 
G A - P - l Z ? O - l ,  J u l y  1969, Gulf General -4tcmiz, ., Earl Diego, Ca l i f .  
Spera, D. A., "C&culbticn ci' Therml-Fatigue L i f e  Bssed cn Accuxulsted 
Creep Damage, I t  I N  2-3489, 1969, NASA, Cleveland, Chio. 
Spera, D. A. "The Caicnla t ica  cf El-evated-'i'err,perature Cyclic Li.J'e CGn- 
s ide r ing  T,~w-C;ycl.e F3tig:;e aid Creep, TM 2-3317, 1969, NASA, Clcve%and, 
OhiG. 
Spera, D. A . ,  Howes, M. A .  B. , and Bizcn, P. 2'. ,. "Thermal-FatjTdc Rcsisi;ance 
of 15 Al-lo;)-s Determined 73. t h e  Fluidized-Bed Technique, I '  TM X-529'751 1.971, 
NASA, Clevclaqd, Ghio. 
Hczlf'ord, G.  R.  "clycl-ic Creep-Ru i re  Behavior of Three High-Temperature 
Alloys, ' I  TN D-6309, 1971, NASA, Cleveland, Ohic. 
Berling, J. T. and. Ccnway, J. B. ,  "Effect of Hold Time on the  Low-Cycle 
Fatigue Resi-stance cf 304 S ta in l e s s  S tee l  a t  1200F, 
Ccnference cn Pressure Vessel Technclogy, Delf t ,  1969. 
F i r s t  In te rna t iona1  
Nanscn, S. ,". . , "Behavicr cf Mater ia ls  Under Conditicns of Thermal. S t ress ,  
Heat Transfer  Symposium, Uuiv. cf Michigan, June 27-28, 1-972, Univ. of Michigan 
Press;  a l s o  TN 2933, , NACA, Cleveland, Ohio 
Coffin, L .  F., Jr., "A Study of t he  Effects  of Cyclic Thermal S t r e s ses  cn a 
Ductile Metal," Transactions cf t h e  ASME, Vol. 76, No, 6, Aug. 1954, pp. 
931-950 * 
Hirschberg, M. H., "A Low-Cycle Fatigue Test ing Fzc i l i t y ,  ' I  Manual cn Low- 
Cycle Fatigue Testing. 
I_---- 
Spec. Tech. Publ. No. 465, ASTM, Phi ladslphia  1969, - ------ 
pp. 67-86. 
Mason, W. P. and Wood, W .  4. ,  "Note on Fatigue Mechanism i n  fcc  Metals a t  
Ultrascnic  Frequencies," Tech. Rep. No. 39, N a r .  1968, Dept. of ; J i v i l  Eng. 
and Eng. Mech., Columbia Univ., New York City, N -  Y . ,  1968. 
17 
25. Jaske, C. E. and Mindlin, H. "Elevated-Temperature Low-Cycle Fatigue 
Behavior of 2Sr-lMo and lCr-lMo-*V Stee ls , "  presented at the  Second Annual 
Pressure Vessel and Piping Conference, Denver, Colo., 1970. 
26. Manson, S. S. and Hirschberg, M. H., "Fatigue Behavior i n  S t r a i n  Cycling 
i n  the  Low and Intermediate Cycle Range, 'I Fatigue-An In t e rd i sc ip l ina ry  
Approach, J. J. Burke, N. L. Reed, and V. Weiss, eds., Syracuse Univ. Press, 
Syracuse, N. Y . ,  1964, pp. 133-123. 
27. Manson, S. So,  "Fatigue: A Complex Subject-Some Simple Approximations," 
Experimental Mechanics, Vol. f s ,  No. 7, Ju ly  1965, pp. 193-226. 
TABLE 1. - DEFINITION OF DATA SYMBOLS AND NOTATION USED FOR PARTITIONED STRAIN RANGES. 
NOTATION SYMBOL HYSTERESIS LOO1 --l-T-- DESCRIPTION 
TENSION PLASTIC 
COMPRESS ION PLASTI C I ISOTHERMAL 
ISOTHERMAL TENSION PLASTIC COMPRESSION CREEP 
TENSION PLASTIC PLASTICITY AT 
COMPRESSION CREEP LOW TEhlPERATURE 
1 
ISOWERMAL TENSION PLASTIC COMPRESSION CREEP (RELAXATION) 
TENSION CREEP 
COMPRESSION PLASTIC 
TENSION CREEP . PLASTICITY AT 
COMPRESSION PLASTIC LOW TEMPERATURE 
I SOTHERMAL TENSION CREEP (RELAXATION) COMPRESSION PLASTIC 
\SOTHERMAL 
I ISOTHERMAL TENSION CREEP COMPRESSION CREEP 
I ISOTHERMAL TENSION CREEP (RELAXATION) 
COMPRESSION CREEP (RELAXATION) 
TmLE 2 
Experimental Results for 2$r-lMo Steel 
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Figure 1. - Hysteresis loop. 
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